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ABSTRACT
Telescopes to be launched over the next decade-and-a-half, such as JWST, EUCLID,
ATHENA and Lynx, promise to revolutionise the study of the high redshift Universe
and greatly advance our understanding of the early stages of galaxy formation. We use
a model that follows the evolution of the masses and spins of supermassive black holes
(SMBHs) within a semi-analytic model of galaxy formation to make predictions for the
Active Galactic Nucleus (AGN) luminosity function at z > 7 in the broadband filters of
JWST and EUCLID at optical and near-infrared wavelengths, and ATHENA and Lynx
at X-ray energies. The predictions of our model are relatively insensitive to the choice
of seed black hole mass, except at the lowest luminosities (Lbol < 10
43ergs−1) and
the highest redshifts (z > 10). We predict that surveys with these different telescopes
will select somewhat different samples of SMBHs, with EUCLID unveiling the most
massive, highest accretion rate SMBHs, Lynx the least massive, lowest accretion rate
SMBHs, and JWST and ATHENA covering objects inbetween. At z = 7, we predict
that typical detectable SMBHs will have masses, MBH ∼ 105−8M, and Eddington
normalised mass accretion rates, M˙/M˙Edd ∼ 1 − 3. The SMBHs will be hosted by
galaxies of stellar mass M? ∼ 108−10M, and dark matter haloes of mass Mhalo ∼
1011−12M. We predict that the detectable SMBHs at z = 10 will have slightly smaller
black holes, accreting at slightly higher Eddington normalised mass accretion rates, in
slightly lower mass host galaxies compared to those at z = 7, and reside in haloes of
mass Mhalo ∼ 1010−11M.
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1 INTRODUCTION
Recent advances in observational capabilities have allowed
us to investigate AGNs in the early Universe more thor-
oughly than ever before. At optical wavelengths, the Sloan
Digital Sky Survey (SDSS, York et al. 2000) initiated the
hunt for quasars out to redshift z ∼ 6 (Fan et al. 2001,
2003; Fan et al. 2004; Jiang et al. 2009). Detections at z ∼ 6
of fainter quasars have been made by the Canada-France
High-z Quasar Survey (CFHQS, Willott et al. 2010a), and a
? E-mail: andrew.j.griffin@durham.ac.uk (AJG)
quasar has been detected at z = 7.1 in the United Kingdom
Infrared Deep Sky Survey (UKIDSS, Lawrence et al. 2007)
by Mortlock et al. (2011). Currently, the highest redshift
quasar known is at z = 7.64, as discovered at optical/near-
infrared wavelengths by mining three large area surveys
(Ban˜ados et al. 2018a), and the same object has also been
observed at X-ray wavelengths using Chandra (Ban˜ados
et al. 2018b). Recent radio observations using the Giant
Metrewave Radio Telescope have also been able to detect
AGNs at high redshift, such as a radio galaxy at z = 5.72
(Saxena et al. 2018).
AGNs are believed to play an important role in galaxy
c© 2019 The Authors
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formation at low redshift, as they are seen to produce huge
X-ray cavities in the hot intracluster gas in galaxy clusters
(e.g. Forman et al. 2005; David et al. 2011; Cavagnolo et al.
2011), and AGN feedback is included in theoretical models
of galaxy formation to shut off gas cooling in massive haloes
and star formation in the largest galaxies (e.g. Di Matteo
et al. 2005; Croton et al. 2006; Bower et al. 2006), in order
to reproduce the bright end of the galaxy luminosity func-
tion. AGNs may also play an important role in galaxy form-
ation at higher redshift, where large-scale outflows driven by
AGNs are observed e.g. at z ∼ 2 (Harrison et al. 2012), and
at z ∼ 6 (Maiolino et al. 2012; Cicone et al. 2015). X-ray
observations have also indicated that faint QSOs may play
an important role in reionising the Universe (Giallongo et al.
2015; Onoue et al. 2017; Ricci et al. 2017).
At z ∼ 6, AGNs have been discovered with estimated
black hole masses over a billion solar masses (e.g. Willott
et al. 2010b; De Rosa et al. 2011; Venemans et al. 2013; Wu
et al. 2015). How these SMBHs could grow to such large
masses in such a short time is a puzzle. SMBHs grow from
seed black holes, which could form from remnants of a first
generation of (Population III) stars, or from gas clouds that
form supermassive stars that eventually collapse to form a
black hole, or from dense star clusters that collapse via stel-
lar dynamical processes (e.g. Volonteri 2010). These seeds
are expected to be of mass Mseed = 10− 105M depending
on the formation mechanism, with the remnants of Popu-
lation III stars forming light (∼ 10 − 100M) seeds, gas
cloud collapse forming heavy (∼ 104−5M) seeds, and star
cluster collapse forming seeds of intermediate (∼ 103M)
mass (Volonteri 2010). SMBHs can then grow either by ac-
cretion of gas or by merging with other SMBHs. To form the
observed high redshift SMBHs by gas accretion, these seeds
require sustained accretion near the Eddington rate for sev-
eral hundred Myr, which may be interrupted by feedback
effects.
Fortunately, the next decade-and-a-half promise to be
exciting for observing the high redshift Universe. The launch
of the James Webb Space Telescope (JWST) in 2021 will
pave the way for an increased understanding of the z > 7
Universe (e.g. Gardner et al. 2006; Kalirai 2018). JWST,
with its 6.5m diameter mirror, will make observations from
the optical to mid-infrared (0.6 µm to 30 µm) to probe the
earliest galaxies and the stars contained within them. EU-
CLID, also due for launch in 2021, with a 1.2m diameter
mirror, is primarily a cosmology mission with the aim of
constraining dark energy, but the surveys it will conduct at
optical and near-IR wavelengths (0.5-2 µm) will also be use-
ful for detecting high-redshift quasars (Laureijs et al. 2011).
While JWST and EUCLID will probe similar wavelength
ranges, the specifications of the missions are different. The
sensitivity of JWST is better, but EUCLID will survey much
larger areas of sky, which will lead to different samples of
AGNs being detected by these two missions, as they will
sample AGNs with different luminosities and space densit-
ies.
The Advanced Telescope for High-ENergy Astrophysics
(ATHENA) (Nandra et al. 2013), scheduled for launch in
2031, will observe the high-redshift Universe at X-ray ener-
gies (0.5-10 keV). The Lynx X-ray observatory (The Lynx
Team 2018), which has a proposed launch date in 2035, will
also observe the distant Universe at similar energies (0.2-10
keV). The science objectives of both missions include de-
termining the nature of SMBH seeds and investigating the
influence of SMBHs on the formation of the first galaxies.
The two missions have different capabilities: ATHENA has
a larger field of view and larger effective area (which leads
to better instrumental sensitivity) at 6 keV, but a worse an-
gular resolution and lower effective area at 1 keV, compared
to Lynx. The improved angular resolution of Lynx results
in better sensitivity in practice, as sources that would be
affected by source confusion when observed by ATHENA
would be unaffected if observed by Lynx. Therefore, the two
telescopes will detect different luminosity objects.
We are now entering an era in which the properties of
SMBHs in the high redshift Universe (z > 7) during the
first billion years of its evolution can be robustly probed.
By comparing observations with simulations, we can test
theoretical models of galaxy formation, and by comparing
to the high redshift Universe, we can test these theoretical
models in a regime that up to now is poorly constrained.
In this paper, we present predictions for the AGN pop-
ulation at z > 7 for comparison with observations from
JWST, EUCLID, ATHENA, and Lynx, using the model for
SMBH and AGN evolution presented in Griffin et al. (2019)
(hereafter Paper I), which includes a self-consistent treat-
ment of SMBH spin, to predict AGN luminosities. This pa-
per is one of a series of papers exploring SMBH and AGN
properties within a physical galaxy formation model based
on the ΛCDM model of structure formation. Paper I presen-
ted the model for the evolution of SMBH and AGN within
the Baugh et al. (2019) recalibration of the Lacey et al.
(2016) galform semi-analytical model of galaxy formation,
showing a comparison of the predicted SMBH and AGN
properties to observations for 0 6 z 6 6. Here, we extend
the predictions of this model to z > 7.
Other theoretical models have also made predictions
for the evolution of SMBHs and AGNs through cosmic
time, such as semi-analytic models (e.g. Lagos et al. 2008;
Marulli et al. 2008; Bonoli et al. 2009; Fanidakis et al. 2012;
Hirschmann et al. 2012; Menci et al. 2013; Neistein & Netzer
2014; Enoki et al. 2014; Shirakata et al. 2019), hydrodynam-
ical simulations (e.g. Hirschmann et al. 2014; Sijacki et al.
2015; Rosas-Guevara et al. 2016; Weinberger et al. 2018),
and empirical models (e.g. Saxena et al. 2017; Weigel et al.
2017). Predictions for z > 7 have also been made using ob-
servational models (e.g. Aird et al. 2013) and semi-analytic
models (e.g. Ricarte & Natarajan 2018b). In this paper, we
are making predictions for AGNs at z > 7 from a semi-
analytic galaxy formation model, which includes more chan-
nels of SMBH growth than Ricarte & Natarajan (2018b). A
few predictions from our model have also previously been
shown in Amarantidis et al. (2019), in which AGN lumin-
osity functions from several different theoretical models are
compared.
This paper is structured as follows. In Section 2 we out-
line the model used. In Section 3 we present predictions for
black hole properties, and in Section 4 we present predic-
tions for AGN luminosity functions for z > 7. In Section 5
we present predictions for AGNs detectable by future sur-
veys using JWST, EUCLID, ATHENA and Lynx, and in
Section 6 we give our conclusions.
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2 METHOD
In this paper, we analyse the properties of SMBHs and
AGNs within the galform semi-analytic model of galaxy
formation. We briefly outline the galaxy formation model,
and the modelling of SMBHs and AGNs, which follow Paper
I, apart from one change described below.
2.1 The galform galaxy formation model
In this paper, we present predictions using the same galaxy
formation model as Paper I, which is the Baugh et al. (2019)
recalibration of the Lacey et al. (2016) galform model.
galform is a semi-analytic model of galaxy formation,
which was introduced in Cole et al. (2000). In galform,
galaxies form in dark matter haloes, with the evolution of
the dark matter haloes described by halo merger trees. For a
recent full description of the model, see Lacey et al. (2016).
In the model used here, the halo merger trees are extracted
from a cosmological dark matter N-body simulation (Helly
et al. 2003). The baryonic exchange between different com-
ponents (e.g. stars, hot halo gas, cold disc gas, black hole) is
modelled by a set of coupled differential equations. Physical
processes modelled in galform include i) the merging of
dark matter haloes, ii) shock heating and radiative cooling
of gas in haloes, iii) collapse of cooled gas onto a rotationally
supported disc, iv) a two-phase interstellar medium for the
cold gas with star formation from molecular gas, v) feed-
back from photoionisation, supernovae, and AGNs, vi) the
chemical evolution of gas and stars, vii) galaxies merging
in haloes due to dynamical friction, viii) bar instabilties in
galaxy discs, ix) the evolution of stellar populations, and x)
the extinction and reprocessing of stellar radiation by dust.
The analytical prescriptions for these processes include a
number of free parameters, which are calibrated on a range
of observational constraints on galaxy properties.
galform has undergone continual development, with
various galform models now in existence, (e.g. Gonzalez-
Perez et al. 2014; Lacey et al. 2016). This paper uses the
Baugh et al. (2019) recalibration of the Lacey et al. (2016)
galform model for the Planck cosmology. This recalibrated
model was presented for use with P-Millennium dark mat-
ter merger trees (Baugh et al. 2019). P-Millennium is a high
resolution dark matter simulation using the Planck Collab-
oration et al. (2014) cosmology, with a box of side 800Mpc
and a halo mass resolution of 2.12×109h−1M (correspond-
ing to 20 particles). The Lacey et al. (2016) model matches
to a wide range of observational data, both in terms of
wavelength (from far-UV luminosity functions to sub-mm
number counts), and in terms of redshift, matching a large
range of observations from z ∼ 0 to z ∼ 6.
2.2 SMBHs and AGNs in galform
SMBHs start out as seed black holes, which we model by
adding a seed black hole of mass Mseed to each dark mat-
ter halo. Unless otherwise stated, the value of Mseed ad-
opted is 10h−1M. SMBHs can then grow via three chan-
nels: (i) starbursts triggered by mergers or disc instabilities,
which can drive gas to the galaxy centre to be made avail-
able for accretion onto the SMBH (ii) ‘hot halo’ accretion in
which gas quiescently accretes from the hot gas atmosphere
in the largest haloes and (iii) mergers between SMBHs. Un-
like some other models, the gas accretion rate is not assumed
to be Eddington-limited.
Building on Fanidakis et al. (2011), in Paper I a model
for the evolution of SMBH spin was presented, in which
SMBH spin evolves via accretion of gas, or by merging with
another SMBH. The SMBH/AGN model involves several
free parameters, for which we use the same values as in Pa-
per I. In Paper I, we generally adopted values from previ-
ous studies, with two free parameters (ηEdd, which controls
the suppression of luminosity for super-Eddington accretion
rates, and fq which determines the lifetimes of the AGN
episodes) calibrated on the observed AGN bolometric lu-
minosity function for 0 6 z 6 6.
In the starburst mode, we assume that the SMBH ac-
cretion rate is constant over a time:
tacc = fqtbulge (1)
where tbulge is the dynamical timescale of the bulge. In Pa-
per I, we gave the equations for bolometric radiative AGN
luminosities in different accretion regimes: i) an Advection
Dominated Accretion Flow (ADAF) state accreting via a
physically thick, optically thin disc (Narayan & Yi 1994),
ii) a thin disc state accreting via a physically thin, optic-
ally thick disc (Shakura & Sunyaev 1973), and iii) a super-
Eddington state accreting via a slim disc (Abramowicz et al.
1988). We use these same equations in this paper, except
for a slightly modified expression for the luminosity in the
super-Eddington regime, where for Eddington normalised
mass accretion rates m˙ > ηEdd(0.1/(a)), the bolometric lu-
minosity is now given by:
Lbol = ηEdd
(
1 + ln
( m˙
ηEdd
(a)
0.1
))
LEdd, (2)
where (a) is the spin-dependent radiative accretion effi-
ciency for a thin accretion disc, a is the dimensionless spin
parameter, ηEdd is a free parameter, m˙ = M˙/M˙Edd is the
Eddington normalised mass accretion rate, and LEdd is the
Eddington luminosity. The Eddington luminosity is given
by:
LEdd = 1.26× 1046
( MBH
108M
)
ergs−1, (3)
and we define the Eddington mass accretion rate by:
M˙Edd =
LEdd
0.1c2
. (4)
We use a nominal accretion efficiency,  = 0.1 in equa-
tion (4), so that the Eddington normalised mass accretion
rate does not depend on the spin (this is a commonly used
convention, cf. Yuan & Narayan 2014). The slight modifica-
tion to the bolometric luminosities for the super-Eddington
regime compared to Paper I ensures that the luminosities
vary continuously in the transition from thin disc to super-
Eddington accretion rates.
The model calculates luminosities at near-IR to X-ray
wavelengths from the bolometric luminosities using the tem-
plate SED in Marconi et al. (2004). This SED is empirical,
where the ratio of luminosities at 2500A˚ and 2 keV is a func-
tion of bolometric luminosity, such that the optical emission
MNRAS 000, 1–19 (2019)
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dominates at high bolometric luminosities, and the X-ray
emission dominates at low bolometric luminosities.
AGNs are understood to be surrounded by a gas and
dust torus, which absorbs radiation from the AGN, the
absorbed radiation then being re-emitted at longer (IR)
wavelengths. To model this obscuration effect, we use sev-
eral empirical relations for the ‘visible fraction’ which is the
fraction of AGNs that are not obscured by a torus at a given
luminosity, redshift, and wavelength (see Section 3.3 of Pa-
per I).
2.3 AGN model variants
In Paper I, we showed that the fiducial model overpredicts
the rest-frame 1500A˚ and soft X-ray AGN luminosity func-
tions at z = 6, and so alongside predictions for the fidu-
cial model, we presented two alternative models with slight
modifications that provide a better fit to these AGN lumin-
osity functions. The three models and the visible fractions
used are as follows (see Paper I for more details):
(i) First, our fiducial model which uses the ‘low-z mod-
ified Hopkins’ (LZMH) visible fraction, which has a func-
tional form that is based on the obscuration model used in
Hopkins et al. (2007), but with different coefficients. The
visible fraction for rest-frame 1500A˚ is:
fvis,1500,LZMH = 0.15
( Lbol
1046ergs−1
)−0.1
, (5)
where Lbol is the bolometric luminosity. For the rest-frame
soft X-ray band (0.5-2 keV), the visible fraction is:
fvis,SX,LZMH = 0.4
( Lbol
1046ergs−1
)0.1
. (6)
As in Paper I, in this paper we assume that there is no
obscuration for the hard X-ray band (2-10 keV). The coef-
ficients for the visible fraction were derived in Paper I by
constructing an observational bolometric luminosity func-
tion from the observational optical/UV, soft X-ray, and hard
X-ray luminosity functions. The luminosities at these differ-
ent wavelengths were converted to bolometric luminosities
using the Marconi et al. (2004) SED, and the number dens-
ities were converted to total number densities using the as-
sumed visible fractions. The coefficients of the visible frac-
tions are then chosen by eye to give the smallest scatter in
the resultant bolometric luminosity function.
(ii) The second of the models uses the ‘z = 6 modified
Hopkins’ (Z6MH) visible fraction, which is:
fvis,Z6MH = 0.04. (7)
This value was obtained by selecting coefficients in the
power-law expressions for the visible fraction that result
in the best agreement with the rest-frame 1500A˚ and rest-
frame soft X-ray AGN luminosity functions at z = 6.
(iii) The third of the models used in this paper is the ‘low
accretion efficiency’ model, which uses the LZMH visible
fraction, but the fraction of mass accreted onto an SMBH in
each starburst is lower. This was implemented in the model
by decreasing the value of fBH, which represents the fraction
of the mass of stars formed in a starburst that is accreted
Figure 1. The black hole mass function in the fiducial model for
z = 6 (pink solid line), z = 7 (red solid line), z = 8 (yellow solid
line), z = 9 (light blue solid line), z = 10 (blue solid line), z = 12
(purple solid line), and z = 15 (black solid line). We also show
the black hole mass functions when the gas accretion rate is not
allowed to exceed the Eddington mass accretion rate for z = 7
(red dashed line) and z = 10 (blue dashed line). We show the
black hole mass function for a seed mass of 105h−1M, for z = 7
(red dotted line) and at z = 10 (blue dotted line).
on to the SMBH in the form of gas. The modified value is
0.002, compared to 0.005 in the fiducial model. The luminos-
ity suppression for super-Eddington sources was also varied,
with the parameter ηEdd being increased to 16, compared
to a value of 4 in the fiducial model. As for the previous
variant of the model, these values were chosen to give agree-
ment with the observed rest-frame 1500A˚ and rest-frame
soft X-ray luminosity functions at z = 6. This low accre-
tion efficiency model predicts fewer objects than the fiducial
model.
3 BLACK HOLE MASS FUNCTION AND
ACCRETION RATES
In Figure 1 we show the black hole mass function predicted
by the model over the range 6 < z < 15. Black holes build
up in the model as a result of galaxies forming in dark
matter haloes, which build up hierarchically. In the model,
for our simulation volume of (800Mpc)3, some SMBHs of
mass 108M have already formed by z = 9, but at z = 6
there are no SMBHs with masses above MBH = 3× 108M.
This appears to be in conflict with observations of extremely
massive SMBHs at z = 6 (e.g. Willott et al. 2010b; De Rosa
et al. 2011; Venemans et al. 2013; Wu et al. 2015), which find
estimated masses up to ∼ (0.3 − 1) × 1010M. The lack of
these objects in this simulation may be because high-redshift
surveys probe larger volumes than the volume of the sim-
ulation box in this work (e.g. the total survey volume for
Ban˜ados et al. (2018a) is of order 10 Gpc3 compared to the
volume of 0.5 Gpc3 for this simulation), and so are able
to detect rarer objects (e.g. Amarantidis et al. 2019). There
are also uncertainties in the observational black hole mass es-
MNRAS 000, 1–19 (2019)
AGNs at the cosmic dawn 5
timates due to the use of observationally calibrated relations
to determine black hole masses from observed emission line
widths and luminosities. These errors are a mixture of ran-
dom (these relations have an intrinsic scatter of a factor of
about 3 (e.g. Vestergaard & Peterson 2006)), and systematic
(these relations are only constrained for certain luminosity
ranges in the local Universe).
We also show in Figure 1 the predicted black hole mass
function for the case in which gas accretion onto SMBHs
in the model is not allowed to exceed the Eddington mass
accretion rate (i.e. M˙ 6 M˙Edd). In our standard model,
SMBHs are allowed to accrete mass at super-Eddington ac-
cretion rates, and it can be seen that restricting SMBH ac-
cretion rates to the Eddington rate results in many fewer
high-redshift SMBHs. At z = 7, restricting SMBH accretion
in this way causes the number of SMBHs to decrease by
about 1 dex at MBH = 10
6−7M, and by about 1.5 dex at
MBH = 10
5M and 2.5 dex at MBH = 108M. At z = 10,
the effect of restricting SMBH growth is even more signi-
ficant, with the number density of SMBHs decreasing by
about 2 dex atMBH = 10
5−7M. This shows the importance
of super-Eddington accretion in building up high-redshift
SMBHs in our model.
We also show the black hole mass function at z = 7 and
z = 10 when a seed mass, Mseed = 10
5h−1M is adopted,
instead of Mseed = 10h
−1M as in the fiducial model. At
both of these redshifts, there are a large number of black
holes around the seed mass for this case, but at higher masses
the black hole mass function converges to the same value as
in the fiducial model. This shows how the SMBH masses are
relatively unaffected by the choice of seed black hole mass for
sufficiently high SMBH mass provided that the gas accretion
rate is not Eddington limited.
In Figure 2 we show the number of objects as a func-
tion of Eddington normalised mass accretion rate (M˙/M˙Edd)
predicted by the model at 7 6 z 6 15, for SMBHs residing
in galaxies with stellar masses above 109M or 1010M.
At each redshift, the distribution is bimodal, with peaks
at M˙/M˙Edd ∼ 0.001, and M˙/M˙Edd ∼ 1. The peak at
M˙/M˙Edd ∼ 1 is produced by AGNs fuelled by starbursts
triggered by disc instabilities. The value of M˙/M˙Edd at
this peak increases slightly with redshift, which is a res-
ult of galaxy bulges having a smaller dynamical timescale
at higher redshift, which results in shorter accretion times-
cales (cf. equation (1)). Galaxies have lower masses at higher
redshift, and so the mass of gas transferred in each disc in-
stability episode is typically smaller at higher redshift, and
SMBHs are smaller at higher redshift. The former decreases
M˙/M˙Edd, while the latter increases M˙/M˙Edd, and these ef-
fects almost cancel out.
The peak at M˙/M˙Edd ∼ 0.001 is produced by AGNs
fuelled by hot halo accretion. There is also a minor contri-
bution from AGNs fuelled by starbursts triggered by mer-
gers with M˙/M˙Edd values in the range 0.1-1. The peak at
M˙/M˙Edd ∼ 1 has more objects when the stellar mass cut is
109M, but the peak at M˙/M˙Edd ∼ 0.001 has more objects
when the stellar mass cut is 1010M. This is because AGNs
fuelled by starbursts triggered by disc instabilities reside in
lower stellar mass galaxies than AGNs fuelled by hot halo
accretion. We allow SMBHs to accrete above the Eddington
mass accretion rate in our model, and in this figure we see
Figure 2. The number density of objects as a function of Ed-
dington normalised mass accretion rate, M˙/M˙Edd, at z = 7 (red),
z = 8 (yellow), z = 9 (light blue), z = 10 (dark blue), z = 12
(purple), and z = 15 (black). Only SMBHs residing in galaxies
with stellar masses above M? = 109M are shown in the upper
panel, whereas this stellar mass threshold is M? = 1010M for
the lower panel.
that there are objects that accrete at super-Eddington rates,
but none above M˙/M˙Edd = 100.
4 EVOLUTION OF THE AGN BOLOMETRIC
LUMINOSITY FUNCTION AT Z > 7
In the left panel of Figure 3, we show the evolution of the
AGN bolometric luminosity function for the fiducial model
for 7 6 z 6 15. As the redshift increases, both the number
of objects and the luminosities decrease. By z ≈ 12, there
are almost no objects brighter than Lbol ∼ 1046ergs−1 in
our simulated volume of (800Mpc)3.
We have investigated the effects of halo mass resolution
on our predictions. In Figure A1 we show the bolometric lu-
minosity function for the standard model (with a halo mass
resolution of 2.12× 109h−1M) alongside the model with a
halo mass resolution of 1010h−1M. This comparison shows
MNRAS 000, 1–19 (2019)
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Figure 3. The predicted AGN bolometric luminosity function for the fiducial model at high redshift. Left panel : The evolution of the
bolometric luminosity function for z = 7 (black), z = 8 (red), z = 9 (yellow), z = 10 (green), z = 12 (light blue), z = 15 (purple).
The turnover at low luminosity is due to the halo mass resolution. Middle panel : The total AGN bolometric luminosity function at
z = 9 (black) split into ADAFs (green), thin discs (purple) and super-Eddington objects (grey). Right panel : The total AGN bolometric
luminosity function (black) at z = 9 split into objects fuelled by the hot halo mode (red), by starbursts triggered by mergers (light blue)
and by starbursts triggered by disc instabilities (dark blue). Note that the dark blue line is under the black line.
that the turnover in the bolometric luminosity function at
low luminosity is due to halo mass resolution. The bolomet-
ric luminosity functions are converged for Lbol > 10
43ergs−1.
In Figure B1, we explore the effect of varying the black
hole seed mass on the AGN bolometric luminosity function.
We find that the AGN bolometric luminosity function is not
sensitive to the choice of seed black hole mass for values in
the rangeMseed = (10−105)h−1M for Lbol > 1042ergs−1 at
z = 7, and for Lbol > 10
43ergs−1 at z = 12. For luminosities
below this, the seed mass does affect the predictions.
In the middle panel of Figure 3 we split the AGN lumin-
osity function at z = 9 into the contributions from ADAFs,
thin discs and super-Eddington objects. Paper I showed that
at z = 0, the contribution from ADAFs dominates the pre-
dicted AGN luminosity function at low luminosities (Lbol <
1044ergs−1), while the contribution from thin discs dom-
inates at intermediate luminosities (1044ergs−1 < Lbol <
1046ergs−1) and the contribution from super-Eddington ob-
jects dominates at high luminosities (Lbol > 10
46ergs−1). As
redshift increases, the contribution from ADAFs decreases,
and the contribution from thin discs dominates at low lu-
minosities, while the contribution from super-Eddington ob-
jects continues to dominate at high luminosities. This trend
continues for z > 0, so that by z = 9, the contribu-
tion from ADAFs is extremely small. At low luminosities
(Lbol < 10
45ergs−1), the thin disc contribution just dom-
inates over the contribution from super-Eddington objects,
while at higher luminosities super-Eddington objects dom-
inate. This implies that most of the QSOs (with Lbol >
1045ergs−1) that will be detectable by surveys conducted by
future telescopes at z = 9 should be accreting above the
Eddington rate. This prediction is not straightforward to
test, as determining Eddington ratios requires estimations of
black hole masses. Black hole masses can be estimated from
measurements of emission line widths, or black hole masses
and mass accretion rates can be determined by fitting the-
oretical SED models to multi-wavelength data (e.g. Kubota
& Done 2018). The black hole masses estimated using either
of these methods will have some model dependencies.
In the right panel of Figure 3 we split the AGN lu-
minosity function at z = 9 by gas fuelling mode, into hot
halo mode, and starbursts triggered by galaxy mergers and
disc instabilities. The dominant contributor at all luminos-
ities at z = 9 is starbursts triggered by disc instabilities,
so we predict that future high-redshift surveys will detect
AGNs fuelled by this mechanism. This prediction contrasts
with some other theoretical models. Some hydrodynamical
simulations predict that gas may be driven into the centres
of galaxies by high density cold streams for accretion onto
the SMBH (e.g. Khandai et al. 2012; Di Matteo et al. 2017),
while some other semi-analytical models simply assume that
merger triggered starbursts dominate SMBH growth at high-
redshift (e.g. Ricarte & Natarajan 2018a).
In Figure 4, we present the number of objects as a func-
tion of L/LEdd predicted by the model for z = 7 and z = 10
for black holes with MBH > 10
5M. The distributions are
flat for L/LEdd < 0.1, and peak at L/LEdd ∼ 1. The L/LEdd
value of the peak of the distribution slightly increases with
redshift. There are no objects with L/LEdd > 10 in our sim-
ulated volume at these redshifts, which is a result of there
being no objects with M˙/M˙Edd > 100 combined with our lu-
minosity suppression for super-Eddington sources (cf. equa-
tion (2)). The sharp dip around L/LEdd = 0.01 arises from
the thin disc to ADAF transition not being continuous in
luminosity.
We also show in Figure 4 the distribution of L/LEdd
predicted by the model for 107M < MBH < 109M, along-
side the distribution for MBH > 10
5M. At z = 7, black
holes in these two mass ranges have similar distributions of
L/LEdd values, while for z = 10, the number of black holes
for 107M < MBH < 109M in our simulation is too small
to draw any strong conclusion on the form of this distribu-
tion.
In Figure 5, we present the AGN bolometric luminosity
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Figure 4. The number density of objects as a function of Ed-
dington normalised luminosity, L/LEdd, predicted by the model
at z = 7 (red) and z = 10 (blue), for SMBHs with mass
MBH > 10
5M (solid lines), and for SMBHs with mass 107M <
MBH < 10
9M (dotted lines).
versus host halo mass for objects in the model, colour-coded
by the number density of objects. The objects mostly follow
a relation between bolometric luminosity and halo mass, al-
though there are some objects offset from this relation to
higher halo masses at z = 7, but not at z = 10. The objects
on the main relation are fuelled by starbursts triggered by
disc instabilities, whereas the objects offset from the main
relation at higher halo masses are fuelled by hot halo mode
accretion. The brightest AGNs are not hosted by the most
massive haloes at z = 7, but at z = 10 the brightest AGNs
are hosted by the most massive haloes.
5 PREDICTIONS FOR HIGH REDSHIFT
SURVEYS WITH FUTURE TELESCOPES
We next employ our model to make predictions for the detec-
tion of AGNs at z > 7 with the future telescopes described
in the Introduction. We use luminosity functions predicted
by the model in the different wavelength or energy bands of
these telescopes to predict the number of AGNs that should
be detectable by surveys with these telescopes. We also de-
scribe the typical properties of the SMBHs detectable by the
different telescopes. The survey parameters that we assume
for JWST1, EUCLID2, ATHENA3, and Lynx4 are summar-
ised in Table 1.
The number of AGNs detectable in a survey depends
on both the flux limit and the survey area. The former af-
fects the ability to detect low luminosity sources and the
latter affects the number density of objects down to which
1 https://jwst-docs.stsci.edu/display/JTI/NIRCam+
Sensitivity
2 https://www.euclid-ec.org/?page_id=2581
3 https://www.cosmos.esa.int/documents/400752/507693/
Athena_SciRd_iss1v5.pdf
4 https://wwwastro.msfc.nasa.gov/lynx/docs/
LynxInterimReport.pdf
one can probe. From the predicted flux limits of the surveys,
luminosity limits can be derived using L = 4pid2Lf for cal-
culating broadband luminosities (ATHENA and Lynx) and
Lν = 4pid
2
Lfν/(1 + z) for calculating a luminosity per unit
frequency (EUCLID and JWST). Here, f is the flux, fν is
the flux per unit frequency and dL is the luminosity dis-
tance to the source, L is the luminosity in the rest-frame
band or wavelength corresponding to the observed band or
wavelength, and Lν is the luminosity per unit frequency in
the rest frame corresponding to the observed wavelength and
redshift. We use these expressions to calculate luminosity
limits (vertical lines) in Figures 6 to 11.
The luminosities shown in Figures 6 to 11 have been
k-corrected to a fixed band in the observer frame. Our tem-
plate SED for this calculation is that of Marconi et al.
(2004), for which the ratio of X-ray to optical luminosity var-
ies with bolometric luminosity. To calculate the luminosity
in each band we input the bolometric luminosity and the red-
shift and then integrate the SED over frequency multiplied
by the appropriate response function for the filter redshif-
ted into the rest frame of the source. There is a one-to-one
relation between bolometric luminosity and luminosity in a
particular band.
The number density limit for a survey can be calculated
via the following method. The number of objects per log flux
per unit solid angle per unit redshift is given by:
d3N
d(logfν)dzdΩ
=
d2N
d(logLν)dV
d2V
dzdΩ
, (8)
where V is the comoving volume, d2N/d(logLν)dV is the
luminosity function in comoving units, and d2V/dzdΩ is the
comoving volume per unit solid angle per unit redshift. We
define Φ(X) = d2N/d(logX)dV so the luminosity function
can be written as Φ(Lν). For there to be an average of at
least one object detectable in the survey per log flux per
unit redshift, we therefore have the condition:
d2N
dlogLνdV
> 1
d2V
dzdΩ
∆Ω
, (9)
where ∆Ω is the solid angle of sky covered by the survey.
This condition allows us to construct the number density
limits (horizontal lines) in Figures 6 to 11. Note that this
limit is almost independent of redshift over the range 7 6
z 6 15, as also seen for the JWST predictions of Cowley
et al. (2018) for galaxies. The flux limits and survey areas
adopted for the predictions for different telescopes are given
in Table 1. These limits then allow us to predict the number
of objects detectable by each survey, for the three different
model variants, as given in Table C1, and the properties of
these objects, for the fiducial model, as given in Tables D1,
and D2.
In general, the flux limit determines the lower luminos-
ity limit of objects that can be detected, whereas the survey
area determines the upper luminosity limit of objects that
can be detected. The different flux limits and survey areas of
the surveys conducted by the different telescopes therefore
provide detections of different populations of AGNs.
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Figure 5. A scatter plot of AGN bolometric luminosity versus host halo mass for AGNs at z = 7 (left panel) and z = 10 (right panel).
The colour indicates the number density of objects.
Table 1. The sensitivities and solid angles covered by the possible surveys by JWST, EUCLID, ATHENA and Lynx. For ATHENA and
Lynx, the survey area is assumed is that of a single field of view, whereas for JWST and EUCLID the survey area is assumed to be that
of multiple fields of view. The integration time is the total for a survey in that band. For ATHENA and Lynx, the flux limits used are
the estimated confusion limits. These flux limits, fν , can be related to apparent AB magnitudes by: mAB = 31.40− 2.5 log10(fν/nJy).
Instrument Filter λ(µm) or E(keV) Flux Limit Survey Area Assumed total
integration time (ks)
JWST NIRCam F070W 0.6− 0.8 µm 22.5 nJy 9680 arcmin2 (1000 FoVs) 10000
F200W 1.7− 2.3 µm 9.1 nJy 9680 arcmin2 (1000 FoVs) 10000
F444W 3.8− 5.1 µm 23.6 nJy 9680 arcmin2 (1000 FoVs) 10000
EUCLID (Deep VIS 0.55− 0.9 µm 91.2 nJy 40 deg2 (70 FoVs) ∼ 13000
Survey) H 1.5− 2 µm 145 nJy 40 deg2 (70 FoVs) ∼ 13000
EUCLID (Wide VIS 0.55− 0.9 µm 575 nJy 15000 deg2 (26000 FoVs) ∼ 120000
Survey) H 1.5− 2 µm 912 nJy 15000 deg2 (26000 FoVs) ∼ 120000
ATHENA WFI Soft X-ray 0.5− 2 keV 2.4× 10−17erg cm−2s−1 1600 arcmin2 (FoV) 450
Hard X-ray 2− 10 keV 1.6× 10−16erg cm−2s−1 1600 arcmin2 (FoV) 450
Lynx Soft X-ray 0.5− 2 keV 7.8× 10−20erg cm−2s−1 360 arcmin2 (FoV) 15000
Hard X-ray 2− 10 keV 1.0× 10−19erg cm−2s−1 360 arcmin2 (FoV) 15000
5.1 Optical/near-IR surveys with JWST and
EUCLID
JWST, planned for launch in 2021, will observe at
wavelengths of 0.6-29 µm. It will have instruments for both
imaging and spectroscopy, including the NIRCam for op-
tical to near-infrared imaging (0.7-5 µm) and MIRI for mid-
infrared imaging (5-29 µm). We present predictions for three
different NIRCam bands. We do not make predictions for
MIRI, because our AGN model does not currently include
emission from the dust torus, which would be necessary
for modelling AGN emission in the mid-infrared. Figures
6 and 7 show predicted AGN luminosity functions in the
observer frame F070W (0.7µm) and F200W (2.0µm) bands
respectively. We also find that in the observer frame F444W
(4.4µm) band, the predicted luminosity functions are similar
to the observer frame F200W band. We present predictions
for a survey composed of 1000 fields of view, each with a
104s integration time, giving a total integration time of 107s
in each band. Figures 6 and 7 show that the effect of obscur-
ation causes the predicted number of AGNs to be 0.04-0.2 of
the predicted number of objects if obscuration is not taken
into account. The effect of low accretion efficiency causes
the predicted number of objects to be about 0.4 times lower
than in the fiducial model if we are assuming the LZMH
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Figure 6. Predictions for the AGN luminosity function in the observer frame JWST NIRCam F070W (0.7µm) band. We show the
luminosity function for the fiducial model without obscuration (red dashed) with Poisson errors (orange shading), the fiducial model with
the ‘low z modified Hopkins’ (LZMH) visible fraction (magenta solid), the fiducial model with the ‘z = 6 modified Hopkins’ (Z6MH)
visible fraction (red dotted), and the low accretion efficiency model which uses the ‘low z modified Hopkins’ visible fraction (blue solid).
The horizontal lines indicate the number density limit resulting from a survey area of one field of view (dashed), and the number density
limit resulting from 1000 of these fields of view (dotted). The vertical lines show the luminosity limit resulting from the flux limit. The
assumed flux limits and survey areas are given in Table 1. Detectable objects are above and to the right of these lines. These luminosities
can be converted into absolute AB magnitudes via MAB = 51.59− 2.5 log(Lν/erg s−1Hz−1).
obscuration model. We predict that on average, < 1 AGN
per unit z per field of view will be detectable by JWST for
a 104s integration, once we allow for obscuration.
We give the predicted number of objects for each survey
in Table C1. For JWST we are assuming a survey of 1000
fields of view, each with a 104s integration time per band.
We predict that 20− 100 AGNs (depending on which of the
three models is used) will be observed at z = 7 in the F070W
band, 90−500 in the F200W band and 60−300 in the F444W
band. We predict that more objects will be detectable in the
F200W band because the assumed flux limit for the F200W
band is lower than for the F070W and F444W bands, which
translates into a lower limit for the bolometric luminosity
and higher number density. Predictions for the number of
objects detectable at z = 9, z = 10 and z = 12 are given in
Table C1.
From the flux limits in these bands, limits in bolomet-
ric luminosity can be calculated. At z = 7, we predict that
JWST will detect AGNs with bolometric luminosities in the
range (3 × 1044 − 4 × 1046) ergs−1 (F070W), (6 × 1043 −
3× 1046) ergs−1 (F200W), and (1× 1044 − 4× 1046) ergs−1
(F444W). For the assumed survey parameters, we predict
that JWST will be able to detect AGNs out to z = 9 for all
the optical/near-IR bands, with F200W being more favour-
able for detecting z > 7 AGNs than F070W and F444W.
For F200W, we predict that about 60-90 times fewer AGNs
will be detectable at z = 10 than at z = 7. Considering even
higher redshift objects, for z > 10 we predict that detection
with JWST will become more difficult, as AGNs become
extremely rare as well as very faint.
EUCLID, due for launch in 2021, will use its visible
and near-IR coverage (0.55-2 µm) of galaxies to probe the
nature of dark energy, but these same surveys will also allow
detections of high-redshift AGNs. EUCLID will conduct two
surveys: a Wide Survey covering 15000 deg2 of sky and a
Deep Survey covering 40 deg2 in three fields. The mission
lifetime of EUCLID will be 6.25 years. The surveys will be
conducted in four bands - one visible (VIS) and three near-
IR (Y,J,H). We show predictions for the EUCLID VIS (0.55-
0.9µm) band and the H (1.5-2µm) band in Figures 8 and 9
respectively. In these figures we show the sensitivity and
survey volume limits for both the Deep and Wide surveys.
The two surveys are seen to be quite complementary for
detecting high redshift AGNs at different luminosities.
At z = 7, we predict that the EUCLID VIS band will
detect AGNs with bolometric luminosities Lbol = (1×1045−
1.2 × 1047) ergs−1 for the Deep Survey, and with Lbol =
(6×1045−2×1047) ergs−1 for the Wide Survey. We therefore
predict that the two EUCLID surveys and surveys by JWST
will sample different parts of the AGN luminosity function.
At z = 7, we predict that a similar number of AGNs will
be detectable in the EUCLID near-IR band compared to the
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Figure 7. As above but for the observer frame JWST NIRCam F200W (2.0µm) band.
Figure 8. Predictions for the AGN luminosity function in the observer frame EUCLID VIS (550-900 nm) band. The dashed lines
represent the sensitivity and survey volume limits of the EUCLID Deep survey and the dotted lines represent the sensitivity and survey
volume limits of the EUCLID Wide survey.
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Figure 9. The same as Figure 8 but for the observer frame EUCLID H (1.5-2µm) band.
visible band. For the EUCLID Deep survey, we predict that
90−400 AGNs will be detectable in the VIS band compared
with 100 − 600 in the H band (depending on the model).
For the EUCLID Wide survey at z = 7, we predict that
(5 − 20) × 103 AGNs will be detectable in the VIS band,
and (8 − 30) × 103 in the H band. At higher redshifts (e.g.
z = 10), we predict that the EUCLID H band will detect
more AGNs than the VIS band. For AGNs at z = 7, the
peak of the observed SED is at 1µm, and so the luminosities
in the VIS and H bands are similar, and because the flux
limits are also similar, a similar number of AGNs should be
detectable. At z = 10, the peak of the observed SED is at
1.3µm, and so the luminosities in the H band are higher, as
they are closer to the peak of the AGN SED. Therefore, we
predict that the H band will detect more AGNs than the
VIS band at z = 10. A similar effect is seen when comparing
the JWST F070W and F200W bands. It may be that such
observations will reveal that the AGN SED shape at high
redshift is different to the Marconi et al. (2004) SED used
in this work.
According to our model, it will be impossible to detect
very high redshift (z = 15) objects with EUCLID, so such
investigation may have to wait until surveys after EUCLID.
This is because despite the survey area being sufficiently
large to probe down to the required number densities, the
sensitivity of EUCLID is not sufficient to detect these low
luminosity AGNs.
The alternative models featuring a lower visible fraction
or lower accretion efficiency predict fewer AGNs than the
fiducial model, so observations using EUCLID and JWST
may be able to differentiate between these models as well
as constraining the form of the AGN SED and thus provide
better understanding of the high redshift AGN population.
5.2 X-ray surveys with ATHENA and Lynx
Due for launch in 2031, ATHENA will make observations at
0.5-10 keV using two instruments: the X-ray Integral Field
Unit (X-IFU) for high resolution spectroscopy and the Wide
Field Imager (WFI) with a large field of view for surveys
(Nandra et al. 2013). The Lynx X-ray observatory, with a
proposed launch date of 2035, will make observations at 0.2-
10 keV. Due to the effects of source confusion, Lynx will be
able to probe down to lower luminosities than ATHENA as
a result of its much better angular resolution.
We have calculated the sensitivity limits due to source
confusion for ATHENA and Lynx. Source confusion oc-
curs when multiple sources are separated by angles less
than the angular resolution of the telescope and so appear
merged together in images. To derive the confusion limits
for ATHENA and Lynx, we use the commonly used Con-
don (1974) ‘source density criterion’, to obtain the cumu-
lative number count per solid angle at the confusion limit
(N(> fconf)), for a given beam solid angle, Ωbeam, and num-
ber of beams per source Nbeam:
N(> fconf) = 1/NbeamΩbeam, (10)
where the beam solid angle is related to the full width
half maximum (FWHM) telescope beam width, θFWHM, by
Ωbeam = piθFWHM/(4(γ − 1) ln 2) for a Gaussian beam pro-
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Figure 10. Predictions for AGN luminosity functions in the observer frame soft X-ray band. Shown are the fiducial model (red solid
line), the low accretion efficiency model (blue dotted line), and the fiducial model with seed black hole mass 105h−1M (black dashed
line). We also show the ATHENA (dashed) and Lynx (dotted) luminosity and number density limits (vertical and horizontal lines) for a
single field of view and integration down to the estimated confusion limit, as in Table 1.
file, where γ is the slope of the power law relating differential
number count and flux, given by:
d2N
dfdΩ
∝ f−γ . (11)
We use Nbeam = 30. Having calculated the cumulative
number count at the confusion limit from equation (10), we
can obtain the flux at the confusion limit by using a model
that relates the cumulative number counts to the flux. For
this, we use the Lehmer et al. (2012) empirical model, which
is a fit to the number counts measured using Chandra as-
suming a double power law fit for the AGN contribution, and
single power law fits for the galaxy and stellar contributions.
For the Lynx sensitivities, we are extrapolating the Lehmer
et al. (2012) model to 100-1000 times lower fluxes than
observed by Chandra. For ATHENA, θFWHM = 5 arcsec,
whereas for Lynx, θFWHM = 0.5 arcsec. The γ values that
we use are slopes of the differential number counts from
Lehmer et al. (2012) at the estimated confusion limits, and
are given in Table 2. The fluxes calculated by this procedure
are given in Table 1.
In Figure 10, we show predictions for these two tele-
scopes in the soft X-ray (0.5-2 keV) band. Note that the
turnover in the luminosity function seen at low luminosities
is due to the halo mass resolution of the dark matter simu-
lation (see Section 4). As the luminosity limit for Lynx for
z 6 10 is below the luminosity of this turnover, the predic-
Table 2. The values of γ used for calculating the confusion limits.
Telescope Soft X-ray Hard X-ray
ATHENA 1.5 1.32
Lynx 2.22 2.29
tions at low luminosities for z 6 10 should be viewed as lower
limits on the number densities. This figure also shows how
Lynx will be transformational in the study of low luminos-
ity AGNs, and will provide unique constraints and tests of
our understanding of black hole physics and galaxy forma-
tion. This is a result of increased angular resolution of Lynx
compared to ATHENA.
We do not include obscuration for these soft X-ray pre-
dictions because at the redshifts we are considering, the cor-
responding band in the galaxy rest frame lies at hard X-
ray energies - a band for which we are assuming no ob-
scuration. We show the fiducial model alongside the low
accretion efficiency model (fBH = 0.002 and ηEdd = 16)
and also a model in which the black holes have a seed
mass Mseed = 10
5h−1M (compared to the default value
Mseed = 10h
−1M).
It can be seen how changing the seed black hole mass
affects the soft X-ray luminosity function very little at
7 6 z 6 9, and only by a small amount for LSX < 1042ergs−1
at 10 < z < 15. This analysis suggests that even high
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Figure 11. As for Figure 10, but for the observer frame hard X-ray band.
sensitivity telescopes such as Lynx will struggle to differ-
entiate between different seed masses at 7 6 z 6 9 for
our model assumptions, but measurements of the number
densities of AGNs at low luminosities and very high red-
shifts (LSX < 10
42ergs−1 and 10 < z < 15), may be able
to exclude models of SMBH seeding that involve high seed
masses, although we predict that there will not be a sub-
stantial difference in the number densities between these two
models.
In Figure 11 we show the predictions for ATHENA and
Lynx in the hard X-ray (2-10 keV) band. For our template
SED, an AGN emits more energy at hard than at soft X-ray
energies, but the minimum luminosity of an object that can
be detected is much higher for the hard X-ray band than for
the soft X-ray band for ATHENA, while it is only slightly
higher for Lynx. This has the effect that for ATHENA, we
predcit more AGNs will be detectable in the soft X-ray band
compared to the hard X-ray band, whereas for Lynx, we
predict that slightly more AGNs will be detectable in the
hard X-ray band compared to the soft X-ray band.
For ATHENA, at z = 7 we predict that 30− 80 AGNs
will be detectable per field of view in the soft X-ray band,
and 5−20 for the hard X-ray band (cf. Table C1 for the num-
ber of objects predicted to be detectable by each survey). At
z = 10, we predict that 0−2 AGNs will be detectable in the
soft X-ray band, and no objects in the hard X-ray band. For
Lynx, at z = 7, we predict that about 800 AGNs per field
of view will be detectable in the soft X-ray band, and about
800−900 in the hard X-ray band. At z = 10, we predict that
about 200 AGNs will be detectable per field of view for both
the soft and hard X-ray bands. The low accretion efficiency
model predicts fewer AGNs than the fiducial model across
all luminosities and redshifts. According to our model, Lynx
is the only telescope out of the four studied here that will
be able to detect AGNs out to z = 12, with the possibility
of detections at z = 15, depending on the model variant.
5.3 Properties of detectable AGNs & SMBHs in
high-redshift surveys
We show the predictions for SMBH masses, Eddington nor-
malised mass accretion rates, host galaxy stellar masses, and
host halo masses for the AGNs detectable by each survey for
redshifts 7 6 z 6 15 in Figures 12, 13, 14, and 15 respect-
ively. We constructed these plots by generating the number
density distributions for each property for AGNs above the
luminosity limit for the survey at that redshift, and then
selecting the part of the distribution with number density
above the survey limit, in the same way as we did for lumin-
osity functions in the preceding sections. We then calculated
the median, minimum, and maximum values of these distri-
butions, which are plotted in the figures. We also list the
median values of these quantities for z = 7 and z = 10 in
Tables D1 and D2. The maximum SMBH masses, Edding-
ton normalised mass accretion rates, galaxy masses, and host
halo masses for the EUCLID Wide survey are shown as up-
ward pointing arrows because they are lower limits on the
maximum values that EUCLID Wide would detect. This is
because the effective survey volume of EUCLID Wide at
these redshifts is larger than the volume of the simulation
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Figure 12. The predicted SMBH masses as a function of redshift for AGNs detectable by the surveys with the different telescopes for the
fiducial model. Symbols and errorbars show the median and 0-100 percentiles of the distribution of SMBH masses at z = 7, 8, 9, 10, 12.
Left panel: JWST F070W (blue squares), JWST F200W (red circles), and JWST F444W (black squares). Middle panel: EUCLID VIS
and H for the Deep survey (blue triangles and red circles), and for the Wide survey (black squares and green pentagons). The maximum
SMBH masses for EUCLID Wide are shown as upward pointing arrows because they are lower limits on the maximum SMBH masses
that are detectable. Right panel: ATHENA soft and hard X-ray (blue squares and red circles), and Lynx soft and hard X-ray (black
squares and green pentagons). In all panels, points for different surveys have been slightly offset in redshift for clarity.
Figure 13. The Eddington normalised mass accretion rates as a function of redshift for the AGNs detectable by the surveys with the
different telescopes. The lines are as in Figure 12.
Figure 14. The host galaxy stellar masses as a function of redshift for the AGNs detectable by the surveys with the different telescopes.
The lines are as in Figure 12.
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Figure 15. The host halo masses as a function of redshift for the AGNs detectable by the surveys with the different telescopes. The
lines are as in Figure 12.
box, and so there may be massive, rare black holes that the
survey would detect, but which are not sampled by our sim-
ulation volume.
First we compare the optical/near-IR surveys. Com-
pared to EUCLID Deep, we predict that JWST will probe
SMBHs with masses about four times lower, in galaxies with
stellar masses about three times lower, and in haloes with
masses about two times lower, having Eddington normalised
accretion rates about 1.4 times lower. We predict that the
two different EUCLID surveys will detect slightly different
populations of AGNs, with EUCLID Wide detecting SMBHs
with masses about three times higher, in galaxies with stellar
masses about two times higher, and in haloes with masses
about 1.3 times higher, having Eddington normalised mass
accretion rates about two times higher, compared to EUC-
LID Deep.
Now comparing the X-ray surveys, the properties of ob-
jects predicted to be detectable in the two ATHENA bands
are similar to those predicted to be detectable by EUCLID
Deep, but the ATHENA soft X-ray band is predicted to de-
tect SMBHs with masses about two times lower, in galaxies
of stellar mass about two times lower, in host haloes about
1.3 times lower, and having Eddington normalised mass ac-
cretion rates about 1.3 times lower, compared to EUCLID
Deep. Compared to ATHENA, we predict that Lynx will de-
tect SMBHs with masses about 200 times lower, with galaxy
stellar masses about 50 times lower, and in haloes of mass
about 10 times lower, with Eddington normalised mass ac-
cretion rates about 2 times lower. For each survey, the AGNs
detectable at z = 10 have somewhat lower black hole masses,
lower host galaxy stellar masses, lower host halo masses, and
higher Eddington normalised accretion rates than at z = 7.
Comparing all the distributions of the objects detect-
able by these surveys at z = 7, we predict that the objects
detectable by the Lynx hard X-ray band will have the lowest
median black hole mass, stellar mass, halo mass, and Ed-
dington normalised mass accretion rate. On the other hand,
we predict that the obects detectable by the VIS band for
the EUCLID Wide survey will have the highest median black
hole mass, stellar mass, halo mass, and Eddington normal-
ised mass accretion rate.
We predict that Lynx will detect SMBHs that are sub-
stantially smaller than in the other surveys, and SMBH host
galaxies that are substantially smaller than in the other sur-
veys. Also, Lynx is the only survey that will be able to detect
AGNs at z = 7 in the ADAF accretion state (m˙ < 0.01).
The much lower black hole, galaxy, and halo masses probed
by Lynx compared to the other telescopes are a result of it
being able to detect AGN at much lower bolometric lumin-
osities.
While Lynx is predicted here to detect AGNs with smal-
ler black hole masses than the other surveys based on the
survey parameters in Table 1, we explored whether AGNs
with similarly low mass black holes could be detectable by a
similarly long integration time with JWST. We considered a
15Ms integration time survey in the JWST F200W band, for
a single field of view (compared to our standard assumption
of a 10ks integration time in each of 1000 fields of view), as-
suming the survey is signal-to-noise limited. We predict that
for this long integration time survey, JWST could detect
objects at z = 7 down to an AGN bolometric luminosity of
Lbol = 2.8×1042ergs−1, compared to Lbol = 3.8×1041ergs−1
for the Lynx soft X-ray band. The smallest black holes at
z = 7 that are detectable by this long integration time
JWST survey are of mass MBH = 4700M, compared to
MBH = 560M for the Lynx soft X-ray band. JWST is
therefore in principle as sensitive as Lynx to low luminosity,
low SMBH mass AGNs at high redshift. However, this does
not account for the 40 times smaller field of view of JWST
compared to Lynx, which greatly reduces the survey volume,
nor the greater difficulty of separating the light of the AGN
from that of the host galaxy in optical/near-IR compared to
X-rays.
The largest detectable SMBH is also different for each
of these surveys. Surveys with larger survey areas can probe
down to lower number densities, and so generally can detect
higher mass SMBHs. However, because the black hole mass
function decreases fairly steeply at the high mass end, in-
creasing the survey area only slightly increases the mass of
the largest SMBH detectable. For halo masses, a larger sur-
vey area does not necessarily correspond to detecting larger
haloes from the AGNs they contain, because the largest ha-
loes can host lower luminosity objects (see Figure 5). There-
fore the maximum halo mass is also affected by the sensitiv-
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ity limit, as seen for ATHENA and Lynx in the right panel
of Figure 15. A similar argument can be applied for stellar
masses as seen in Figure 14.
We also explored the effect of halo mass resolution in
our simulation on the properties of objects detectable by
these surveys (see Section 4). We find that if we degrade
the halo mass resolution, as long as the objects have bolo-
metric luminosities above the value at which the luminosity
functions converge (i.e. Lbol > 10
43ergs−1), the properties of
the black holes are the same. The predictions of black hole
properties for surveys by JWST, EUCLID and ATHENA
are insensitive to this effect, but for Lynx the values given
should be regarded as upper limits.
6 CONCLUSIONS
Recent advances in observational capabilities have opened
up studies of the high-redshift Universe, but many uncer-
tainties regarding the early stages of galaxy formation and
evolution remain. The origin of supermassive black holes
(SMBHs) and their role in the early Universe still remains a
mystery. Fortunately the next decade-and-a-half offers us ex-
citing new opportunities to probe the high redshift Universe,
especially given the plans for powerful new space-based
telescopes such as JWST and EUCLID at optical/near-IR
wavelengths, and ATHENA and Lynx at X-ray energies.
These will offer us a multiwavelength view of the distant
Universe and allow us to characterise physical processes in
galaxy formation. The role of SMBHs and their growth in
the distant Universe will be probed with much greater ac-
curacy than ever before.
With these potential new developments in mind, we
present predictions for AGNs in the high redshift Universe
(z > 7) using the semi-analytic model of galaxy formation
galform. In galform, galaxies (and hence AGNs) form in
dark matter haloes, with the evolution of the dark matter
haloes described by halo merger trees. Here, the merger trees
have been generated from a dark matter N-body simulation.
In the model, SMBHs grow by accretion of gas during star-
bursts triggered either by mergers or disc instabilities, or
by accretion of gas from hot gas halos, or by merging with
other SMBHs. The evolution of the SMBH spin is also cal-
culated in the model with SMBHs changing spin either by
accretion of gas, or by merging with another SMBH. From
the SMBH mass accretion rates, AGN bolometric luminosit-
ies are then calculated, which when combined with empirical
SED and obscuration models can be used to calculate lumin-
osities in different bands. The galform model used here is
that presented in Griffin et al. (2019), which showed that the
predicted AGN luminosity functions are in good agreement
with observational data at 0 6 z 6 5.
We present model predictions for the AGN bolometric
luminosity function for 7 6 z 6 15, finding that it evolves to
lower luminosities and lower number densities at higher red-
shift as a result of hierarchical structure formation. When we
split the bolometric luminosity function at these redshifts by
accretion disc mode and gas fuelling mode, we find that the
dominant accretion disc modes are thin discs at low lumin-
osities (Lbol < 10
45ergs−1), and super-Eddington objects at
higher luminosities, and the dominant gas fuelling mode at
all luminosities is starbursts triggered by disc instabilities.
The model allows SMBHs to grow at mass accretion rates
above the Eddington rate, so when we limit the SMBH gas
accretion rate to the Eddington rate, the number of SMBHs
at high redshift is significantly reduced. We also explore the
effect of varying the SMBH seed mass on the bolometric lu-
minosity function. We find that when we use a much larger
seed black hole mass (105h−1M compared to 10h−1M in
the fiducial model), the luminosity functions are relatively
unaffected, except for Lbol < 10
43ergs−1 for z > 10.
We then present predictions for JWST, EUCLID,
ATHENA, and Lynx, using sensitivities and survey areas
for possible surveys with these telescopes. For example, we
assume a 1.5 × 107s exposure for Lynx over a survey area
of 360 arcmin2 (1 field of view), whereas we assume a thou-
sand 104s exposures for JWST over a total survey area of
9680 arcmin2 (1000 fields of view). We find that the differ-
ent surveys will probe down to different AGN bolometric
luminosities and number densities, and hence sample differ-
ent parts of the AGN population.
We also present predictions for two variants to the fidu-
cial model that provide a better fit to the rest-frame UV and
rest-frame soft X-ray luminosity functions of AGNs at z = 6.
In these models we vary either the amount of AGN obscur-
ation or the SMBH accretion efficiency (defined here as the
fraction of gas accreted onto the SMBH in a starburst). The
resulting luminosity functions have lower number densities
by factors of about 4 and 2 respectively. AGN obscuration
and SMBH accretion efficiency are both uncertainties for the
AGN population at high redshift. Comparing these predic-
tions to observations should allow us to better both of these
aspects at high redshift.
The properties of the SMBHs and AGNs detectable de-
pend on the survey and wavelength. For our fiducial model,
we predict that the AGNs detectable at z = 7 will have
median black hole masses that vary from 8 × 104M to
5× 107M, and median Eddington normalised mass accre-
tion rates that vary from 1 − 3. These AGNs are predicted
to reside in host galaxies with median stellar masses that
vary from 4× 107M to 4× 109M, and in haloes with me-
dian masses from 4 × 1010M to 3 × 1011M. At z = 10,
the AGNs detectable are predicted to have black hole masses
that vary between 2×104M to 4×107M, with Eddington
normalised mass accretion rates that vary from 1 − 8. The
host galaxies of these AGNs are predicted to have masses
that vary from 8 × 106M to 1 × 109M, in haloes with
masses that very from 2× 1010M to 2× 1011M. The dif-
ferent telescopes will therefore provide different but com-
plementary views on the z > 6 AGN population. For the
survey parameters assumed here, Lynx is predicted to de-
tect SMBHs with the lowest masses, in the lowest mass host
galaxies and lowest mass host haloes, and so will provide
the best opportunity to probe the nature of SMBH seeds.
However, a similarly long integration (15Ms) in a single field
of view with JWST could in principle detect similarly faint
AGN at high redshift.
These future telescopes should therefore be able to de-
tect SMBHs at very high redshift having masses ∼ 104 −
105M that are comparable to those of the highest mass
seed SMBHs that are envisaged in current scenarios, and put
improved constraints on the physical mechanisms by which
these seed SMBHs form.
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Figure A1. The bolometric luminosity function at z = 7 (solid
lines), and z = 12 (dotted lines) for the halo mass resolution of
2.12× 109h−1M as for the standard model (black lines) and for
a halo mass resolution of 1010h−1M (blue lines).
APPENDIX A: EFFECT OF HALO MASS
RESOLUTION
In Figure A1 we show the predicted bolometric luminosity
function at z = 7 and z = 12 for the fiducial model, which
has a halo mass resolution of 2.12 × 109h−1M, and for
a halo mass resolution of 1010h−1M. The figure demon-
strates that the turnover seen in the luminosity function at
Lbol ∼ 1043ergs−1 is due to the dark matter simulation only
resolving haloes above a certain mass. The two bolometric
luminosity functions are converged for Lbol & 1043ergs−1
(depending somewhat on redshift), while the poorer halo
mass resolution leads to fewer objects for Lbol < 10
43ergs−1.
APPENDIX B: THE EFFECT OF THE SMBH
SEED MASS
In Figure B1 we show the AGN bolometric luminosity func-
tion at z = 7 and z = 12 for three different seed masses
(10h−1M, 103h−1M, and 105h−1M). The luminosity
functions for the three different seed masses are consist-
ent with each other within statistical errors for Lbol > 10
42
ergs−1 at z = 7, and consistent with each other for Lbol >
1043 ergs−1 at z = 10.
APPENDIX C: NUMBER OF DETECTABLE
OBJECTS
In Table C1 we show the number of objects detectable by
each survey at z = 7, z = 9, z = 10, and z = 12, with
sensitivities and survey areas as in Table 1.
APPENDIX D: PROPERTIES OF
DETECTABLE OBJECTS
In Tables D1 and D2 we show the median SMBH masses,
Eddington normalised accretion rates, host galaxy stellar
Figure B1. The bolometric luminosity function at z = 7 (solid
lines), and z = 12 (dashed lines) for seed masses of 10h−1M
(black), 103h−1M (red) and 105h−1M (blue). Note that the
black lines are underneath the red lines.
masses and host halo masses of AGNs detectable by the fu-
ture surveys at z = 7 and z = 10. The assumed sensitivities
and survey areas are given in Table 1.
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